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INTRODUCTION 
 
Within the scope of a research project (SMARTE Project), which main objective is to develop and implement 
a continuous and remote monitoring scheme, is being realized in Portugal the instrumentation of a pre-
stressed concrete structure (Sorraia River Bridge). The installed monitoring scheme, more efficient and less 
expensive than traditional surveillance techniques, makes possible the “on time” structural behavior control 
minimizing costs related with inspection and maintenance. 
In this paper an integrated system for visualization of structural behavior is presented. It main components 
are the Structural Behavior System Visualization (SBSV) and the Database System Consultation (DSC). The 
obtained information from the installed sensors, which is later processed by the DSC, constitutes the SBSV 
input data. The DSC also allows the remote communication with the data acquisition system, being 
responsible for the management of all collected data. During the construction of such systems several 
technologies and languages such as SQL, PHP, C++ and HTML, are being used and integrated together. 
The access to those systems is made by Internet for the entrance in a restricted environment. It is intended, 
with them, that the structural behavior accompaniment is carried out in a simple, fast and efficient way. 
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SURVEILLANCE TECHNIQUES 
 
Civil infrastructures are always submitted to environmental factors that may cause physical and chemical 
modifications on their constitutive materials. Such changes, when not detected and rectified on time, 
originate structural deterioration and, eventually, it collapse, resulting in considerable economic and social 
costs. Moreover, the later intervention in rehabilitation of concrete structures is one of the principal factors for 
the high costs related with civil infrastructure management. 
Within such scenario, traditional inspection and maintenance techniques should be only used for an initial 
evaluation of structural condition. Such methods become inefficacious when isolately applied and, usually, to 
perform them a lot of time and high investment in equipment and human resources is necessary [1]. 
In order to answer the society demands related to security and economy aspects new surveillance 
techniques, as structural health monitoring, have been developed. Such technique presents an important 
role in the evaluation of the structural integrity, and allow their life cycle extension by means of “on time” 
preventive and corrective measures. It is so responsible for a reduction in infrastructures maintenance costs. 
Actually, in several countries, real time continuous monitoring proved to have high potential as a surveillance 
technique [2]. 
A research project (SMARTE Project) is being developed in Portugal with the main objective of realizing 
Sorraia River Bridge instrumentation in a way that structural health monitoring is performed during it whole 
life cycle. The implementation of an integrated system for a continuous visualization of the structural 
behavior is one of the main objectives of such project. 
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SORRAIA RIVER BRIDGE 
 
Localized at highway A13 in Salvaterra de Magos, Portugal (78 km far from Lisbon), Sorraia River Bridge is a 
pre-stressed concrete structure executed by the cantilever construction process, in which an extensive 
instrumentation was implemented. The main activities related with the placement of the whole equipment 
and also to this bridge continuous and remote monitoring were executed within the supervision of Structural 
Behavior and Concrete Technology Laboratory (LABEST) from the Civil Engineering Department of 
University of Porto (FEUP). 
 
 
Structural description 
 
Sorraia River Bridge is composed by two parallel decks with three spans each. Such bridge has a total 
length of 270 m being, respectively, 120 m and 75 m length the midspan and the end ones. Each deck is 
supported by two central and two transition piers, which realize the connection between the bridge and the 
North and South access viaducts, respectively, with 487 m and 909 m length. Each longitudinal and 
transversal pre-stressed deck consist in a single box girder with 14.45 m width and a variable height that 
runs from 6.00 m over the piers to 2.55 m in midspan center and in end span extremities. Central columns 
are rectangular and hollowed (6x3.5 m section), their walls are 0.60m thick and 8.00 m height. Such piers 
are founded in a cap with five piles of 2.0 m diameter and 35.0 m length. The necessity to cross Sorraia 
River in an oblique way and the impossibility of executing intermediary supports were the main reasons for 
using the cantilever constructive process with “in situ” concreting of dowels, which present a maximum length 
of 5,0 m and weight of 1500 kN (Fig. 1). 
 
 
 
Fig. 1. Cantilever constructive process of Sorraia River Bridge. 
 
 
Instrumentation plan 
 
In Sorraia River Bridge, during the construction phase, seven sections of the deck were instrumented (S1 to 
S7), as it can be observed in Fig. 2. In this instrumentation plan, 42 fibre optic Bragg grating and 42 electric 
strain sensors were used. Such sensors were inserted in a sensor holder which main objective is to protect 
them, guaranteeing an adequate robustness. Additionally, for environment monitoring, humidity and 
temperature electric sensors were placed inside and outside the deck. Fig. 3a presents the expected 
instrumentation plan for section S2, while Fig. 3b shows an image of the same section. 
 
 
 
Fig. 2. Instrumentation plan of Sorraia River Bridge. 
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The majority of sensor holders installed in this bridge were specially developed for this structure monitoring, 
with the purpose of measuring structural deformation in compression and tension stresses with or without 
cracking. Those holders are mainly constituted by an epoxy resin being, at their extremities, densified by 
means of carbon fibres. Such extremities present, also, a special geometry like a head shape. Fig. 3c shows 
one of those sensor holders used for monitoring of section S2 [3]. 
 
 
  
(a) (b) (c) 
 
Fig. 3. Instrumentation plan of section S2 (Fig. 3a); View of section S2 (Fig. 3b); Sensor holder (Fig. 3c). 
 
After those holders placement, the respective cables are conducted till the junction boxes (Fig. 4a, 4b and 
4c) in order to warrantee their isolation and watertighteness, and also to minimize the potential risk of 
damage on their extremities during concreting. Additionally, such junction boxes allow realizing the union 
and lengthening of respective cables till the local stations (Fig. 2) in an easy and robust way after the 
concreting phase. Such cables were guided by means of previous placed gutters. 
Two local stations (LS1 and LS2), constituted by one data logger (DataTaker model DT500) and two 
expansion modules were used (Fig. 4d). Demodulation equipment (Micron Optics), used for fibre optic 
sensing, was also implemented in local station LS1. Data acquisition algorithms were developed and 
introduced on both stations. 
 
 
  
 
(a) (b) (c) (d) 
 
Fig. 4. Junction boxes before (Figg 4a and 4b) and after (Fig. 4c) dowel concreting; Local station LS2 (Fig. 4d). 
 
 
Static load field test 
 
After this bridge construction, and having into account the development of a static load field test, an external 
measurement was placed to accompanish and register it behaviour. Such instrumentation was also used to 
verify the internal monitoring one installed within the SMARTE research project. During such test some 
parameters as strain, displacement, rotation and temperature were strictly monitored. 
The load test occurred at 24th January 2005, it begun at 16h40 and finished about 20h24. To define the 
applied loads, ten vehicles with 20 tones of mass, were used. It position was determined in order to obtain 
the possible maximum value for each parameter. Fig. 5 presents an image of the static load field test. 
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Fig. 5. Static load field test. 
 
 
STRUCTURAL BEHAVIOR SYSTEM VISUALIZATION (SBSV) 
 
System description 
 
For the real time accompanishment of this bridge structural behavior a Structural Behavior System 
Visualization (SBSV) was implemented. It executes the structural deformed shape having into account data 
obtained from the seven continuous monitored sections (Fig. 2). Such system, which access is made by 
Internet, is inserted in a very restricted environment where users are authenticated via HTTP (Hypertext 
Transfer Protocol). To perform it, code in PHP language (Hypertext Processor) was developed and inserted 
in an Apache server [4]. A Database System Consultation (DSC), responsible for the management of all 
obtained data and of whole information related to the installed equipments, was also implemented. The DSC 
is connected to the SBSV and also to the communication module. In order to warrantee the SBSV main 
objectives it was verified that the implementation of different technological resources, in a way that each 
system component could present the required robustness and liability, was strictly necessary. In Fig. 6 the 
relation between these system components is presented [5]. 
 
 
 
Fig. 6. SBSV components and relationships. 
 
 
Communication Module 
 
This module, developed based on Java language, allows the realization of remote data acquisition by an 
establishment of a bidirectional GSM point to point communication with the monitoring system previously 
installed in the structure. In this case, remote data transmission is executed by means of a modem Siemens 
TC35i. Regarding the communication between modem and data acquisition equipment while with Data Taker 
this is established via a RS-232 cable, with demodulation equipment a CPU is necessary. 
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Database System Consultation (DSC) 
 
This system is based on a data base that was developed in order to maximize the availability information 
about Sorraia River Bridge. On such data base all information related to the installed equipment, to the users 
and to all obtained data is stored. To develop it MySQL was used, which is a relational data base 
management system with a transactional mechanism and an Object Data Base Connection (ODBC) access 
type that accepts requests in Structured Query Language (SQL). This characteristic makes the whole system 
proper to frequent changes. 
Two filters were developed using PHP namely one media and one media with variations filter. The 
application of this media filter allows the achieving of a new set of points which coordinates are calculated 
according to Eq. 1. 
 
yi = Media(Ji); i = 0, 1, 2, …, n – 1 
Ji = { xi – r, xi – r + 1…, xi – 1, xi, xi + 1…, xi + r – 1, xi + r } 
 
(1) 
 
In Eq. 1, n is the number of points that constitute the original graphic while yi corresponds to the value of 
each new coordinate, obtained from the arithmetic media of the values that belong to Ji. The number of 
elements of Ji depends of the value attributed to r, window filter, in a way that within Ji there will be always 
(2r +1) elements. Each member of Ji corresponds to a new ordinate value, where xi represents the original 
ordinate of the i-th graph. Such filter will provide valid results since n > r ≥ 0. However, in case this condition 
is not satisfied, yi = 0 to i = [0, n – 1]. 
Media with variations filter initially generates a set of points with ordinates equal to the arithmetic media (yi) 
of the obtained data from selected sensors. Secondly, using those ordinates, when this media is generated 
another set which ordinates are, for each point, the difference between the original ordinate and the 
arithmetic media is constructed. Eq. 2 describes the graphic that governs the media with variations filter, 
being vi the new ordinate where xi represents the i-th original ordinate and yi the obtained media. 
 
vi = xi – yi; i = 0, 1, 2, …, n – 1 (2) 
 
For both filters, the abscissas related to the original ordinates will not suffer any change. In this way, points 
with ordinates yi and vi are the same as points of ordinates xi, for i = [0, n – 1]. We may conclude that 
applying these filters the output graphic presents the same number of points as the input one 
 
 
Structural Behavior System Visualization (SBSV) 
 
This module is composed by special environment windows that allow, having into account data stored in 
DSC, to visualize the measurement results and to obtain a panorama of the bridge global behaviour. A set of 
diagrams, which constitute the involving of all possible displacements and also their evolution with time for 
critical bridge sections, is presented. The SBSV working principle depends essentially of four components, 
responsible for the routines listed below that are presented according to processment order: 
 
 Communication with data base; 
 Execution of visualization algorithm; 
 Diagram construction; 
 Generation of output data. 
 
The first component is responsible for the communication and reading of all information stored in the DSC, 
converting such values in a vectorial format. Such vectors constitute the input data for the component that 
executes the visualization algorithm. The code which transforms such data into structural deformed shape is 
introduced here. The final output of this component is a set of points that will gonna be used by the diagram 
construction component. The respective code, necessary to obtain such sets, is divided within the next 
steps: 
 
 Using the obtained strains in each instrumented section Si (i = [1, 7]), the curvature of such section can 
be calculated (ρi). The minimum square method is so implemented to perform it (Fig. 7); 
 Having into account the already estimated curvatures (ρi) and the well known structural border 
conditions, a mathematic formulation that uses convergence polynomials to the real structural deformed 
shape is developed. In this particular case three polynomial functions were considered to execute it: 
P1(x), P2(x) and P3(x) (Fig. 8). 
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Fig. 7. Curvature estimation based on strain measurements. 
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Fig. 8. Convergence polinomials (P1(x), P2(x) and P3(x)) to the real structural deformed shape. 
 
In the final output generation data component the presented results are converted into vectors and stored in 
a .txt archive type format, which allows the subsequent visualization within a computational platform. 
 
 
SBSV functionalities 
 
To use the SBSV it is necessary to connect into internet and to register as a user, which may have a 
common or an administrative permission, being the availability functionalities dependent of such permission 
type. It is possible to visualize the measured results consulting the values stored in data base, or even the 
ones obtained in real time. The values obtained during construction, static load field test and service phase 
or even within any previously defined time interval may be seen. After selection of the respective period, the 
user can realize a search by instrumented section, section alignment or sensor. In data base instrumented 
section consultation multiple sections can be selected (Fig. 9), and so the results of each section alignment 
(Fig 10) or of each installed sensor may be visualized at same time. 
Also the observation of the structural deformed shape, using all obtained data from the sensors placed in the 
seven instrumented sections, may be done. In Fig. 11, located at left, it is possible to visualize the set of 
diagrams that constitute the involving of all bridge vertical displacements during static load field test for low 
speed vehicles passage. The diagram positioned at right presents the transient displacements variation in 
one of the seven instrumented sections (in this case section S1). 
A module for real time consultation, which uses remote communication, enables the observation of the most 
recent values stored in data acquisition equipment, which will be added to the data base, and also of the 
actualized structural deformed shape. Similar to data base values and structural deformed shape 
consultation, this real time possibility can be performed by all users. 
In administrative area of the web site it is possible to access the information related to installed equipment, 
furnishers and users. It is also feasible to stablish a remote communication with the equipments installed “in 
situ”, being so possible to know the status of each data logger and to send them programs with new 
procedures to perform data acquisition. 
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Fig. 9. Database consulting based on instrumented sections. 
 
 
 
Fig. 10. Database consulting using instrumented section alignments. 
 
 
 
Fig. 11. Structural deformed shape consultation. 
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OBTAINED RESULTS 
 
Some results obtained by the calculus of this structure deformed shape, using convergence polinomials, are 
presented and also an interesting comparison with experimental values for vertical displacements obtained 
in instrumented sections during the static load field test (Fig. 12 and 13). From this comparison it is possible 
to conclude about the quality of obtained data (Fig. 13). The most important values and also the relative 
error, less than 10%, are indicated in Tab. 1. 
 
 
 
Fig. 12. Static load field test with vehicles located at midspan. 
 
 
 
Fig. 13. Comparison between calculated and measured results for midspan load position. 
 
 S1 S3 S4 S5 S7 
δv, measured -14.1 +27.2 +49.0 +26.9 -13.8 
δv, calculated -13.5 +29.4 +53.6 +29.6 -13.4 
Relative error -4.3% +8.1% +9.4% +10.0% -2.9% 
 
Tab. 1. Comparison between calculated and measured vertical displacements in instrumented sections. 
 
 
CONCLUSIONS 
 
The Structural Behavior System Visualization (SBSV) of Sorraia River Bridge was presented. It is a complex 
system which access is realized via internet and inserted in one user authentication environment. To develop 
it different technologies and languages were used and integrated in a way that each component of the 
system could present the expected robustness and liability. 
After a brief description of this structure and respective constructive process, of the installed instrumentation 
and of the executed static field load test, a explanation of the integrated SBSV having into account the 
functions and linkages of it main components is done. The SBSV main functionalities were also presented, 
and tested during the respective load test. The main objective which is the structural accompaniment in a 
trusty, simple, fast and efficient way having into account the secure, intelligent and automatic management 
of all obtained data is also attended. 
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